INTRODUCTION
Consumers evaluate many characteristics when making the decision to purchase meats. Color is the easiest quality trait to evaluate and the characteristic most utilized. A major problem that has plagued the poultry industry, and other meat industries to a lesser degree, is a pink color defect. This pink color defect, also known as pink spot and pink ring, manifests itself as a pink coloring of the fresh cut surface of meat products (Cornforth et al., 1986) such as cooked, uncured turkey and pork rolls. The pink pigment fades rapidly upon exposure to air and its occurrence is unpredictable. Because the pink color makes products appear to be undercooked, consumer complaints and commercial buyer discounting have been associated with products portraying the defect.
A wide variety of factors have been suggested as causes of the pink color defect. Pool (1956) found that carbon monoxide and nitric oxide generated by the flames of gas ovens can combine with myoglobin to form a pink color. Likewise, exhaust fumes from automobiles (carbon monoxide and nitric oxide) inhaled by poultry in route to processing facilities have been reported to cause a pink color (Froning et al., 1969b) . Nitrate and nitrite contamination during raising or processing of birds has been a widely used explanation for pink color development. Nitrates and nitrites in the feed (Froning et al., 1967) or drinking water (Froning et al., 1969a) of poultry may lead to a pink end product. Nitrogenous contamination can also originate in the water utilized for carcass chilling (Mugler et al., 1970) and on processing equipment previously used for cured products. Shaw et al. (1992) found that ammonia contamination caused a pink defect in pork.
It has been demonstrated that hemochromes can form by the interaction of nitrogenous ligands other than nitrates and nitrites. Certain amino acids (Akoyunoglou et al., 1963; Ahn and Maurer, 1990) , pyridine, and nicotinamide (Ahn and Maurer, 1990) are just a few of the possible ligands that may form hemochromes with meat pigments. Akoyunoglou et al. (1963) characterized hemochromes as having a typical dual absorption spectra with maxima at 520 to 530 and 555 to 565 nm. Cornforth et al. (1986) found that cooked turkey with 2.0% added nicotinamide had a reflectance curve similar to that of a commercial pink turkey sample and it also exhibited the typical hemochrome absorption curve. Brown and Tappel (1957) observed a pink color in canned tuna and determined that the primary pigment was a mixed nicotinamide-denatured-globin hemochrome. The high nicotinamide content of turkey meat (0.083 mg/g; Richardson et al., 1980) compared to other species favors the formation of nicotinamide hemochromes. Denatured proteins and free amino acids generated during the cooking process may also contribute to pink color development through hemochrome formation.
Regardless of which native pigments or hemochromes are involved in the pink color defect, the means to control this problem has not been reported. Because hemochromes are formed when specific ligands bind the heme pigments, it may be possible to bind a ligand to the heme ring that does not cause a pink color. Ligands with pink color reduction potential may exist among compounds that were unsuccessfully tested as nitrite substitutes and among metal chelators used in medical therapy. Thus, the objective of this study was to test various ligands in ground turkey for their ability to reduce the pink color in control samples in addition to samples treated with a pink color generating agent (nicotinamide or sodium nitrite).
MATERIALS AND METHODS

Preparation of Meat Mix
Whole right lobes of turkey Pectoralis major muscles (vacuum-packaged and frozen for 2 to 10 mo) were defrosted at 2 C 2 d before use. The muscles were cut into strips, ground 2 through a 4.8-mm plate, hand mixed, and then ground again through a 4.8-mm plate. The ground turkey was refrigerated at 2 C and stored for 1 to 3 d.
The screening process consisted of several treatments (Table 1) . Stock solutions for sodium nitrite (3 mg/mL), nicotinamide (200 mg/mL), and each ligand (4 mg/mL) were formulated to 100 mL in volumetric flasks. The 14 ligands evaluated were: 3-amino pyridine (AP); 4-benzoylpyridine (BP); diethylenetriamine pentaacetic acid (DA), ethylenedinitrilo-tetraacetic acid disodium salt (EA), 2,3 dihydroxybenzoic acid (DB); 3-ethyl pyridine (EP); trans 1,2-diaminocyclohexane-N,N,N′,N′ tetraacetic acid monohydrate (HA); calcium reduced nonfat dried milk (NM); 2,3 phthalic acid (PA); 3-picoline (PC); pyrrole (PY); pyridazine (PZ); pyridinedicarboxcylic acid (YA); and pyrazinedicarboxcylic acid (ZA). The concentration of each stock solution was such that 10 mL of stock would yield the concentration, on a meat basis, of the treatment specified in Table 1 . Every treatment contained 2.0% NaCl and 0.5% sodium tripolyphosphate (STP) on a meat weight basis. Once the stock solutions were prepared 200 g of the ground turkey breast were weighed into a stainless steel bowl and 4.0 g NaCl (2.0%) and 1.0 g STP (0.5%) were added. A treatment was then added to the meat from a stock solution so that a volume equaling a 10% pump (20 mL/200 g meat) was achieved. Because the concentrations of the stocks were such that 10 mL gave the proper treatment for 200 g meat, 10 mL of distilled water was added to 10 mL of stock when only one stock was used (e.g., sodium nitrite treatment). When two stocks were used (e.g., sodium nitrite + ligand) 10 mL of each stock was used to give a final added volume of 20 mL. For the control treatment, 20 mL of distilled water was added to the meat, salt, and phosphate. Next, the meat and its ingredients were mixed at low speed for approximately 1 min using a hand mixer. 3
Processing of the Meat Mix
Once prepared, 45 g of the mixture was loosely stuffed into centrifuge tubes (50 mL 28 × 15 mm polypropylene tubes with screw plug seal 4 ). Three tubes (repeated measures) for each treatment were prepared for every replication (three). In order to compact the meat and reduce void spaces, tubes were capped and placed in a low speed centrifuge 5 for approximately 5 min at the highest speed setting. After centrifugation, the covered tubes were placed in an 85 C water bath. 6 The temperature of the samples was monitored by thermocouples attached to a data logger. 7 The meat was cooked to an internal temperature of 80 C and placed in refrigerated storage (2 C) overnight.
Characterization of Color
Meat plugs were individually removed from the tubes and a cross-sectional slice was made approximately 2 cm from the top of the plug. Immediately after cutting, CIE L* a* b* readings were measured with a chroma meter 8 using a 1-cm aperture placed at a right angle to the sample. The device was calibrated using a standard white calibration plate (CIE L* = 97.91, a* = -0.71, b* = +2.44). 9 One reading was taken on each of the three repeated measures and the values were averaged using the statistic function of the chroma meter.
The remaining samples were sliced longitudinally and reflectance readings (400 to 700 nm) were taken using a UV-visible-scanning spectrophotometer. 10 The spectrophotometer was configured for a sampling interval of 1.0 nm, slit width of 2.0 nm, and fast scan speed. Calibration was performed using the Minolta white calibration plate. From the reflectance data, deoxymyoglobin (DMb), metmyoglobin (MMb), and oxymyoglobin (OMb) were determined by using the ratios of the reflectances at percentage reflectance 474 nm divided by the percentage reflectance at 525 nm, percentage reflectance at 630 nm divided by the percentage reflectance at 525 nm, and the difference between percentage reflectance at 630 nm minus the percentage reflectance at 580 nm, respectively (Hunt, 1980) . Nitrosohemochrome (NHC, cured pigment) was determined by the reflectance ratio of percentage reflectance at 570 nm divided by the percentage reflectance at 650 nm where a lower value indicated more pigment (Erdman and Watts, 1957) . Nicotinamide hemochrome (NIC) was determined by the reflectance ratio of percentage reflectance at 537 nm divided by the percentage reflectance at 553 nm, where a higher value equaled more pigment (Schwarz et al., 1997) .
Statistical Analysis
Three statistical analysis data sets were assembled for specific mean comparisons. The first data set provided mean comparisons among the 14 ligand treatments and a control treatment (no added nitrite or nicotinamide). The second data set provided mean comparisons among the 14 ligand treatments in the presence of nitrite and a nitrite treatment (no ligand). The third data set provided mean comparisons among the 14 ligand treatments in the presence of nicotinamide and a nicotinamide treatment (no ligand). Dependent variables were analyzed for each data set using the General Linear Models (GLM) procedure of SAS ® (1989) in a randomized block design (15 treatments by 3 replications). If the models contained significant differences, mean values were separated using the Least Significant Difference procedure of SAS ® .
RESULTS AND DISCUSSION
Effect of Ligands Without Added Pink Color Generating Agents
During the first stage of this experiment, each ligand was evaluated in a ground turkey system without added pink color generating agents. This set of conditions approximated normal commercial product color because nothing was added specifically to produce a pink color. Therefore, any pink color that was present and reduced by a ligand was the "natural", spontaneous pink. This "ligand only" testing also served to insure that the ligands themselves did not produce a pink color. The ligand samples were compared to the control to evaluate their specific effects.
CIE L*a*b*. Many of the ligands had significant effects on the CIE L*a*b* measurements ( Table 2) . The control had an L* value of 75.29. The only ligand to reduce (P < 0.05) this value was BP, whereas DA and HA were the only ligands that made the samples lighter (P < 0.05) than the control. The a* value (4.21 control) was lowered (P < 0.05) by DA, EA, HA, NM, and PZ. A decrease in the CIE a* value was demonstrated by Dobson and Cornforth (1992) from the addition of 3.0% nonfat dry milk. However, no pink color generating agents were added in that experiment, so it was impossible to discern whether the nonfat dry milk reduced the pink color or the pink color defect never formed. The a* value increased (P < 0.05) with added PC. The BP and ZA samples had lower (P < 0.05) b* values than the control (9.14), whereas AP, DA, EP, HA, NM, PC, PY, and PZ had higher (P < 0.05) b* values. An increase in the b* value was expected with NM because it was an inherently yellow powder and it was added in much greater quantity (3.0%) than the other ligands. It was unknown why several of the ligands increased the b* value.
Native Pigments and Hemochromes. The color of cooked meats may be related to, at least in part, the undenatured native pigments myoglobin, hemoglobin, and cytochrome c (Trout, 1989) . Undenatured pigments can cause strong red colors when bound to the certain ligands (O 2 , CO, NO). Ghorpade and Cornforth (1993) found that pork roasts cooked to 65 C exhibited a pink color that was determined (by reflectance spectroscopy) to be caused by undenatured myoglobin. Girard et al. (1990) reported that a pink color in turkey breast and pork loin cooked anywhere from 65 to 95 C was caused by cytochrome c. Relative quantities of native pigments and hemochromes as calculated by manipulation of reflectance readings at specific wavelengths are presented in Table 2 . Compared to the control, the level of DMb was decreased (P < 0.05) in samples containing AP, DA, EA, EP, HA, NM, and PZ. The only ligand sample that had an increased DMb was BP. OMb was decreased compared to the control (P < 0.05) in samples containing AP, BP, DA, EA, HA, NM, PZ, and ZA. The MMb value was decreased (more metmyoglobin) in EP, PC, and PY samples and increased in DA, EA, HA, NM, and PZ samples (less metmyoglobin). Fresh meat DMb, if present in sufficient quantity, gives the muscle a purple/red color. OMb is responsible for the bright cherry red color of fresh red meats. MMb is the oxidized form of myoglobin and gives meat a brown appearance. When denatured, the fresh meat pigments are not able to produce the typical fresh meat colors. In the case of DMb and OMb, denaturation is desirable because a purple or red pigment would contribute to pink color in turkey.
Hemochromes are formed when certain ligands bind to the heme iron of denatured muscle pigments. The only hemochrome measured in this section was NIC because there were no exogenous pink color generating agents added and nicotinamide is present in turkey at a higher level than other meats. The hemochrome NIC was lowered (P < 0.05) in AP, DA, EA, and HA samples and increased (P < 0.05) in BP samples (Table 2) . Although BP resulted in the highest NIC (1.097), a similar result was not observed in the CIE a* values. However, PC had the highest numeric CIE a* value, with a somewhat elevated NIC. A small increase in CIE a* value may result in a noticeably pinker sample, whereas a larger increase in NIC may be needed to produce the same perceived increase in pinkness. The increase in NIC for BP may have been due to a synergistic affect of BP on nicotinamide binding. The reflectance spectrum of the BP-hemochrome may have also been similar to the nicotinamide hemochrome spectrum such that the NIC ratio also measured BP-hemochrome. A decrease in NIC may be due to the ligands binding the heme iron so that nicotinamide can not bind.
Effect of Ligands With Sodium Nitrite Added as a Pink Color Generating Agent
The second stage tested the effectiveness of the ligands at reducing a pink color caused by the addition of 150 ppm sodium nitrite. Low level sodium nitrite (6 ppm) contamination in chill ice has been demonstrated to cause a pink color in chicken leg and thigh meat (Nash et al., 1985) . The level of nitrite used here would never be present in an uncured product but it served to test the ability of the ligands to overcome an intense pink.
CIE L*a*b*. Many of the ligand samples had different (P < 0.05) CIE L*a*b* values than the nitrite reference (Table 3 ). The L* values were lower (control 73.70) for BP and PY and higher for DA, EA, HA, NM, and ZA samples. The a* values were decreased (7.73 nitrite reference) for AP, DA, EA, EP, NM, PZ, and ZA samples. Higher a* values were seen for BP, PC, and PY. The b* values were lower (7.73 nitrite reference) in DA, EA, and HA samples and higher in AP, EP, and PZ treatments.
TABLE 3. Ligand effects on instrumental color and pigment measurements in the presence of added sodium nitrite (150 ppm)
a-g Means within the same column with no common superscript differ significantly (P < 0.05). 1 Reflectance values -deoxymyoglobin (DMb) %R474/%R525, oxymyoglobin (OMb) %R630-%R580, metmyoglobin (MMb) %R630nm/%R650nm, nitrosylhemochrome (NHC) %R570nm/%R650nm, nicotinamide hemochrome (NIC) %R537nm/%R553nm.
2 DMb, larger number = more; OMb, larger number = more; MMB, smaller number = more; NHC, smaller number = more; NIC, larger number = more.
3 Treatment ligands: usage levels were 200 ppm except NM (NFDM, 3.0%). Native Pigments and Hemochromes. Reflectance measurements of the native muscle pigments were affected by some of the ligands in comparison to the control. The only sample with a lower DMb value was ZA. OMb was decreased for AP, EP, NM, and PZ. The MMb value was lower for ZA (more metmyoglobin).
CIE values
The value for NHC measured the relative amount of nitrosylhemochrome. This value was increased (less nitrosylhemochrome) for DA and NM samples. The PC samples had lower NHC values. None of the ligands had a significant effect on the NIC value (P > 0.05). This may be caused by nitric oxide binding the heme ring preferentially, which did not allow native nicotinamide to bind.
Effect of Ligands With Nicotinamide Added as a Pink Color Generating Agent
The third stage tested the effectiveness of the ligands at reducing a pink color caused by the addition of 1.0% added nicotinamide. High levels of nicotinamide in turkey meat may be largely responsible for the pink defect. Added nicotinamide has been shown to produce a pink color (Cornforth et al., 1986; Claus et al., 1994) , which makes it an ideal additive to test the pink color reduction ability of the ligands.
CIE L*a*b*. Many of the ligand samples had different (P < 0.05) CIE L*a*b* values than the nicotinamide reference (Table 4) . The BP and PY samples had lower L* values (73.24 nicotinamide reference), whereas the DA, EA, HA, and NM had higher L* values. The a* value (7.97 nicotinamide reference) was decreased for BP, DA, EA, HA, NM, PA, PZ, PY, YA, and ZA. The b* value (6.23 nicotinamide reference) was lower for BP and higher for DA, EP, HA, NM, PZ, and YA.
The percentage reduction in redness (CIE a*) by DA, EA, HA, and NM compared to the nicotinamide reference sample was 58. 7, 68.4, 47.4, and 72 .4%, respectively. The next highest percentage reduction in a* was YA at 18.3%. The CIE a* values for these ligands (DA, EA, HA, NM) plus nicotinamide were reduced to a level below that of the control samples (4.21).
Native Pigments and Hemochromes. The DMb value was decreased in the BP, DA, EA, EP, HA, NM, PZ, and YA samples. OMb was lowered in the BP, DA, EA, HA, NM, and PZ samples. The MMb values were decreased (more metmyoglobin) in the DA, EA, HA, and NM samples. The NIC value was 1.14 for the nicotinamide only samples. DA, EA, HA, NM, PZ, YA, and ZA significantly lowered (P < 0.05) the NIC values.
Overall Effectiveness of Ligands
When evaluated over all three treatment data sets (no pink color generating agent, sodium nitrite, or nicotinamide), the most effective ligands at reducing the pink color were DA, EA, HA, and NM. Samples with these four ligands were, in most cases, shown to have lower a* values, lower DMb, lower OMb, higher MMb, lower NHC, and lower NIC (Tables 2, 3 , and 4). These ligands had the most notable effect in reducing the a* value in the presence of 1.0% nicotinamide. The nicotinamide control had an a* value of 7.97, whereas the DA, EA, HA, and NM plus nicotinamide samples had a* values of 3.29, 2.52, 4.19, and 2.20 respectively. Numerically, these values were all lower than the control (a*, 4.21), although this statistical comparison was not made. 
Conclusions
This experiment determined that it was possible to reduce the severity of the pink defect by the addition of non-pink color generating ligands to ground turkey. This pink color reduction by the ligands was seen when added alone and in the presence of sodium nitrite and especially nicotinamide. The four most effect ligands tested were DA, EA, HA, and NM. The pink color reduction in nitrite samples was not apparent visually but there were modest reductions in the a* and NHC values. Ahn and Maurer (1987) found the amount of nitrite in raw turkey breast to be between 3.8 and 21 ppm. Good manufacturing practices should be able to reduce or eliminate external contamination of nitrite such that nitroso-pigments would not be a significant contributor to the pink color defect. Because nicotinamide is endogenous to turkey at high levels, the ability of added ligands to reduce the pink color defect due to nicotinamide hemochrome is of great importance. In general, pink color reduction was highest in the ligand only and the ligand plus nicotinamide samples as was observed by CIE a* and NIC value reductions.
